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Various  methods  of  data  reduction  to  correlate  ol ectrostatic  nrolx* 
sinnals  with  enqine  gas-oath  distress  were  doveloned  and  tested.  Those 
methods  consisted  of  counting  pulse  sinnals,  monitor.ino  turbine  and 
compressor  vibrations,  examining  individual  pulses  to  determine  sinni- 
ficant  characteristics , and  using  the  integrated  areas  of  all  pulses 
in  a civen  test  cycle  to  determine  the  level  of  engine  distress.  The 
systems  developed  were  tested  using  tape  recorded  data  from  a TP-41 
undergoing  a simulated  flight  endurance  test  at  Detroit  Diesel  Ail.ison 
Division  m Indianapolis,  Indiana.  Dur. inn  the  test,  the  LP2  turbine 
experienced  a non-catas trophic  failure  due  to  a seal  rub.  Tapes 
recorded  during  the  test  indicate  that  the  failure  occurred  over  an  80 
hour  period  in  which  larne  (350  msec  long.  8 volts  high)  pulses  were 
observed  on  accelerations.  The  vibration  signature  of  the  enqine  also 
chanqcd  during  this  period.  A system  which  integrated  the  areas  under 
the  pulses  showed  a factor  of  ?0  increase  dur.inq  the  period  of  highest 
recorded  distress. 
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A r 'R'J’HOn  FOR  ANALYSIS  OF 
E LECTRO  ST  AT  T C PROBE  SIGNALS 
RELATING  TO  JET-ENGINE  HICRODI STRESSES 

1 . Iritrodnet i on 

Overview 

A gas-path  microdistress  is  defined  as  an  event  which  takes  place 
in  the  oas-path  of  a jet  engine  that  places  metal  particles,  ions,  free 
electrons,  or  a combination  of  these  into  the  flowstream.  For  example, 
a rubbing  turbine  blade  or  metal  erosion  in  the  combustor  section  of 
the  engine  would  be  a oas-path  microdistress.  It  has  been  established 
experimentally,  both  in  laboratory  simulation  (Ref  1,5,7)  and  in  actual 
engine  tests  (Ref  3,8),  that  microdistresses  form  pockets  of  charge 
(boluses)  which  can  be  detected  in  the  exhaust  of  a iet  engine.  The 
frequency  of  m.icrodistress  formation,  and  therefore  boluses,  can  in- 
crease with  time,  signifvino  increasinq  engine  component  deoradation. 
Thus,  there  exists  the  potential  of  detecting  an  impending  engine  fail- 
ure before  instrumentation  such  as  RPM  or  EGT  gauges  would  indicate  a 
problem. 

The  method  of  formation  of  these  boluses  is  not  completely  under- 
stood. This  does  not  alter  the  documented  evidence,  however,  that 
appearances  of  boluses  are  correlated  with  microdistresses. 

A method  for  reducing  and  interpreting  data  was  needed.  Prior  to 
1976,  signals  from  this  electrostatic  probe  system  had  not  been  recorded 
on  magnetic  tape.  Thus,  only  limited  data  on  a given  failure  was  avail- 


1 


able  to  observers.  This  data  was  in  the  form  of  oscilloscope  photo- 
• *rar>hs  and  number  of  pulses  nor  unit  time.  The  failure  could  not  be 
reolaved  and  correlated  with  other  enoi ne  oarameters  such  as  inlet 
temperature  or  vibrations. 

The  purpose  of  this  study,  then,  was  to  evaluate  methods  for  re- 
ducing and  interpreting  sjcinals  caused  by  bolus  interaction  with  an 
electrostatic  probe  in  a jet-engine  tailpipe. 

During  the  period  of  this  study,  a gas-path  failure  did  occur. 
Unusually  large  (320-380  msec  long  and  8 volts  high)  pulses  were  ob- 
served. This  provided  an  excellent  opportunity  to  evaluate  the  data 
reduction  methodology  proposed  in  this  study. 

This  report  will  show  that  it  was  possible  to  detect  an  enoine 
distress  as  it  occurred.  The  distress  was  easily  distinguishable  above 
the  backoround  data  by  a factor  ranging  from  2 to  100  depending  on  the 
type  of  discriminating  electronics  used.  The  report  will  also  show  a 
relationship  between  the  DC  level  of  the  exhaust  and  the  gross  thrust 
produced  by  the  engine.  This  latter  finding  warrants  further  study  bv 
itself  since  gross  thrust  is  a useful  engine  parameter. 

Purpose 

The  purpose  of  this  thesis  is  threefold:  1)  to  establish  a means 

of  quickly  determining  when  tape-recorded  data  varies  from  an  estab- 
lished background  norm;  2)  to  test  and  recommend  methods  of  reducing 
data  to  provide  warning  of  severe  gas-path  distress:  and  3)  to  attempt 
to  correlate  observed  signals  with  other  engine  parameters  for  a TF-41 
jet  engine  undergoing  a simulated  flight  endurance  (SFE)  test  at 
General  Motors  Corp. , Detroit  Diesel  Allison  Division  in  Indianapolis. 

To  determine  whether  the  ion  probe  detection  system  is  reliable 
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enough  «*o  be*  'iron  Mr.  a standard  canine  failure  warn!  no  devi  r» , a 1 a roe 
number  o’  eroi n°s  must  1 p f er *■  * '1 . To  mi rr m.  i re  1 ho  cost s for  manpower 
’nr*  rranr'ont.  a method  must  bo  <i°v.i  sod  bv  which  data  ran  be  guicklv 
screened  and  insignificant  dara  can  bo  eliminated. 

The  Sr*E  test  at  Allison  Division  was  used  to  develop  the  methods 
necessarv  to  accomplish  the  first  two  purposes.  In  addition,  a non- 
catastrophic  ennine  failure,  which  occurred  during  the  test  period, 
was  examined  in  detail. 

Annroarh 

Signals  from  t wo  ion  probes,  high  speed  and  low  speed  spool  RPM 

( N, , and  Nr  resoectivelv) . and  turbine  and  comnressor  vibrations  were 
h L r • 

recorded  on  an  FI  1 tape  recorder  bv  Allison  Division  personnel.  The 
tapes  were  transferred  to  Wrinnt-Patterson  AFB  where  they  were  examined. 
The  results  of  this  study  were  used  to  establish  a method  for  data 
reduction  and  analysis. 

Organ! xation 

Chapter  II  is  a discn.iss.ion  of  the  various  equipment  setups  devel- 
oped to  record  and  reduce  the  data.  Chapter  III  contains  the  experi- 
mental results  of  this  study.  Chanter  IV  gives  conclusions  based  upon 
this  study  and  recommendations  for  further  studies. 
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IT.  Kcru.inment 


This  chapter  provides  a description  and  discussion  of  the  equip- 
ment setup  used  to  record  the  data  at  Detroit  Diesel  Allison  Division 
anci  to  reduce  the  data  at  Wriqht-Patterson  APB. 

Data  Record) no 

The  svstem  shown  in  Mia.  1 was  used  to  record  data  at  Detroit 
Diesel  Allison  Division  in  Indianapolis.  A TP-41  turbofan  engine 
(S/N  908)  was  used  as  the  source  of  the  data.  The  TP-41  was  undergoing 
a simulated  flight  endurance  test. 

The  test  consisted  of  a series  of  engine  runs  called  "cycles"  at 
three  specified  inlet  temperatures  (T^) : 70°,  90°,  and  110° F.  Three 


To  CEC  Type  1-117  To  Berkley 

Vibration  Meters  & Mod  466-6 


Fig.  1.  Schematic  of  Recording  Equipment  Setup 


tvnes  of  cycles  were  run:  A,  B,  and  C.  (So©  Annondix  B for  nrofilos 

of  the  A and  C cycles.)  Since  an  A cvcle  has  the  most,  severe  stress 
profile,  cornisti no  of  ranjd  accelerations  and  decelerations,  it  was 
decided  that  A cycles  should  fie  recorded  continuous!'/,  alone  with  a 
samplina  of  C cvcles.  The  B cycles  were  not  used  in  this  study  since 
the  power  settings  reached  by  an  engine  during  a B cycle  were  not  hich 
enough  to  produce  boluses. 

Two  electrostatic  probes  were  installed  in  the  tailpipe  of  the 
engine  in  the  2:30  and  6:30  o'clock  positions  (Fiq.  2).  The  probes 
were  identical  to  that  shown  in  Fig.  3. 

Vibration  data  was  monitored  on  the  compressor  and  turbine  sections 
of  the  engine.  A CEC  Type  1-117  Vibration  Meter  with  a Type  4-106  pick- 


Fin.  2.  TF-41  Tailpine  with  Electrostatic  Probes  Installed 


r 

r 


Fig.  3.  Electrostatic  Probe 

up,  located  as  shown  in  Pig.  4,  was  used  on  each  section.  The  resul- 
tant signals  were  passed  throuoh  Sanborn  Type  8875A  differential,  ampli- 
fiers to  the  tape  recorder. 

The  hioh  speed  (N  ) and  low  speed  (Mr ) spool  RPM's  were  also  re- 
H L 

corded.  A Berkley  Mod  466-6  Tach  Generator  produced  the  N RPM  signal. 

H 

The  TF-41  Engine  Tach  Generator  produced  the  N RPM  signal.  Both  sic- 

L 

nals  were  passed  through  Sanborn  Type  8875A  differential  amplifiers 
before  being  recorded. 

The  probe  signals  went  to  the  Bolus  Counter  circuit  shown  in  Fig.  5. 

The  raw  signal  v/ent  to  the  tape  recorder  where  it  was  reduced  by  a fac- 
tor of  10  before  being  recorded.  This  was  done  to  prevent  saturation 
of  the  tape  recorder  by  the  pulses  which  regularly  had  an  amplitude  of 
8 volts. 

The  raw  signal  also  went  to  a logic  circuit  which  triggered  a 2 
volt  square  wave  whenever  a ±2  volt  threshhold  was  exceeded.  If  the 
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nositive  threshhold  was  exceeded . the  square  wave  was  generated  bv  the 
positive  count  circuit.  If  the  negative  threshhold  van  exceeded,  the 
sounre  wave  was  oenerated  bv  the  neoative  count  circuit.  The  rc  tire 
constant  >.*->s  set  at.  35  nsec.  The  output  of  the  loqic  circuit  went  to  a 
counter  system  which  totaled  the  positive  and  negative  counts  for  each 
probe. 

Unexpectedly,  this  system  made  a nearly  ideal  discriminator  for 
the  larne  pulses  associated  with  the  observed  failure.  Prior  to  this 
failure,  the  widest  pulse  observed  had  been  about  20  msec  lono  (Ref 
Private  communication  with  Major  Couch).  This  was  the  basis  for  setting 
a 35  msec  "dead  time"  for  the  circuit.  When  a positive  pulse  exceeded 
35  msec,  however , it  caused  a count  (or  a number  of  counts  depending 
on  its  actual  width)  to  occur  in  the  negative  channel.  There  were  few 
actual  negative  pockets  observed.  Thus,  the  negative  channel  served  as 
a pulse  v/.idth  discriminator  for  pulses  more  than  35  msec  wide. 

Data  Reduction 

Equipment  was  set  up  to  examine  four  basic  areas  of  interest:  raw 

data  from  current  traces,  engine  vibrations,  photoanalvsis  of  individual 
pulses,  and  determination  of  pulse  sizes  (integrated  pulse  areas). 
Although  some  of  the  systems  were  used  concurrently,  the  setups  have 
been  drawn  separately  to  simplify  discussion. 

Raw  Data.  The  system  shown  in  Fig.  6 was  used  to  examine  the  raw 
data  of  the  current  traces.  Signals  from  the  2:30  and  6:30  probe 
tracks  were  sent  to  the  bolus  box  where  two  10  to  1 preamplifiers, 

(Fig.  7),  restored  the  amplitudes  of  the  traces  to  their  original 
values.  These  signals  then  proceeded  to  the  logic  circuits  of  the 
bolus  counter  circuit  where  they  produced  signals  in  a manner  similar 
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Fiq.  6.  Schematic  of  Current  Level  and  Pulse  Count  Svstom 


Fig.  7.  Schematic  of  Bolus  Box  Preamplifier  Circuit 


to  that  described  for  the  bolus  counter  used  at  Allison  Division.  The 
values  in  parentheses  in  Fig.  5 were  the  ones  used  on  the  bolus  counter 
circuit  at  Wright-Patterson  AFB.  The  RC  time  constant  was  set  for  9 


msec.  This  gave  a dead  time  of  72  msec  when  the  tape  was  played  back 
at  15  ips  since  the  tape  was  recorded  at  1-7/8  ips.  At  15  ips,  a band- 


of  10  to  1000  Hz  was  scanned  bv  the  pocket  discriminating  circuit. 

The  square  wave  outputs  from  the  pulse  threshhoJ.d  circuits  were  ampli- 
fied to  produce  a measurable  sional  at  the  chart  recorder.  The  current 
traces  and  the  positive  and  negative  pulse  indications  were  recorded  on 
the  strip  chart  recorder. 

Initially  this  system  was  used  with,  tape  playback  at  If  ips.  This 
permitted  a rapid  scan  to  determine  what  was  on  the  tape.  This  was  the 
primary  means  of  selecting  those  tapes  which  were  studied  in  closer 
detail. 

Engine  Vibrations.  Engine  vibrations  were  studied  using  the  sys- 
tem shown  in  Fiq.  8.  Onlv  two  Spectral  Dynamics  SD-101A  frequency 
trackers  were  available.  Therefore,  the  compressor  and  turbine  vibra- 
tions were  studied  separately. 

The  first  SD-101A  was  set  up  to  examine  the  frequency  spectrum  of 
the  vibrations.  A sawtooth  wave  generator  in  the  7904  oscilloscope 
provided  a signal  which  was  used  as  a voltage  ramp  for  the  V.avetek  111 
VCG  voltage-to-frequency  convertor.  The  output  frequency  of  the  VCG 


Fig.  8.  Schematic  of  Vibration  Analysis  System 
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served  ns  l ho  tuning  input  to  the  SD-lt'lA. 

The  second  SD-101A  was  ret  un  to  examine  the  intensity  of  the  N 

• L 

frocntonr'/.  Since  tho  recorded  was  not  a "1  to  1 ratio  w.i  th  the  tree 
engine  N , the  recorded  signal  had  to  be  adjusted.  This  was  done  bv 
placing  the  recorded  si  ana)  into  a Tennelec  TC-590  ratemeter.  'Hie  out- 
put.  of  the  ratemeter  was  amplified  by  a factor  of  100  and  then  sent  to 
a second  have  tele  111  VCG.  The  output  of  the  ratemeter  was  converted 
into  a frecniencv  which  approximated  true  engine  N (approximately  1/3 
of  the  recorded  N.  signal).  This  was  used  as  the  tuning  input  for  the 

Li 

second  3D-101A. 

The  resultant  sionals  from  both  SD-lOlA's  were  recorded  on  a strip 
chart  recorder. 

Photoanalvsis.  The  shape  and  size  of  the  pulse  waveforms  was 
studied  using  the  system  shown  in  Fig.  9. 

Pulse  rise  above  a threshhold  is  normally  used  to  trigger  the 
oscilloscope.  The  sweep,  however,  will  only  show  the  pulse  starting 
from  tlie  point  at  which  it  has  triggered  the  oscilloscope.  Thus  no 


Fig.  9.  Schematic  of  Photoanalvsis  Svstem 
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inform.'it"' on  can  ho  obtained  from  the  current:  trnco  activity  nr  1 or  t:o 


the  nulso.  T1  tvilftns  nnrionred  at  rocnilar  intervals,  the  or.ci  1 loncorx? 
could  be  ret:  to  tri  cror  so  that  it  would  catch  a pulse  in  the  center  of 
the  screen.  St  nee  pulses  aD'rr  on  a random  basis,  a delay  box  v;as 
necessarv  to  examine  the  conn  etc  pulse.  The  delav  lx>x  circuit.  (Pin. 

10)  consisted  of  a Rot. icon  SAD- 1024  dual  SI?  stane  Ifcioket-Brinndo  Device, 
a power  sunp.lv,  a 2.5  kHz  low-pass  filter,  and  an  amplifier.  Control 
knobs  on  the  front  of  the  box  allowed  the  operator  to  adiust  the  ampli- 
tude of  the  delaved  s.innal  to  noree  with  that  of  the  input  signal  and 
to  vary  the  delav  from  4 msec  to  14  msec. 

The  input  sional  to  the  delav  box  was  kept  below  1 volt  to  keep 
signal  distortion  below  1%.  Since  the  signals  wore  reduced  bv  a factor 
of  10  before  be.inn  recorded,  this  was  no  problem.  The  probe  s.i.nnal 
from  the  tape  was  the  raw  input  to  the  delay  box. 

The  delav  box  was  AC  coupled  for  design  simplification.  Normally, 
this  did  not  cause  signal  distortion.  On  extremely  long  pulses,  how- 
ever, the  coupling  effect  was  observed  (Fin.  11). 

Since  many  pulses  occurred  close  together  in  time,  a method  was 
developed  to  determine  exactly  which  pulse  out  of  a group  had  been 
photographed.  The  + Gate  output  of  the  7904  oscilloscope  provided  a 
signal  to  the  strip  chart  recorder.  The  pulse  indication  for  the  Gate 
lined  up  with  the  pulse  indication  for  the  particular  pulse  photooraphed. 

Normally,  pulses  were  photooraphed  in  real  time.  For  extremely 
long  pulses,  however,  the  tape  speed  was  increased  to  7-1/2  ips.  The 
pulse  was  squeezed  together  so  that  it  could  be  photooraphed  in  its 
entirety.  This  also  enabled  the  observer  to  see  more  of  the  current 
trace  in  front  of  the  pulse. 
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Fig.  11.  Saturation  Pulse  Showing  effect  of  AC  Couplino 

Pulse  Area  Integration  System.  Studies  of  tapes  recorded  during 
severe  m.icrodist resses  revealed  that,  in  addition  to  the  fact  that 
there  were  more  pulses,  the  pulses  were  wider  than  those  observed  in 
previous  tests.  If  pulse  width  was  a variable  for  all  distresses,  a 
system  which  intearated  the  area  under  a pulse  mioht  aive  a nreater 
lead  time  for  engine  failure  prediction. 

The  system  shown  in  Fig.  12  was  set  up  to  check  out  the  concept. 


iOC»ry  t>00*,V 


Amplifier 


Fig.  12.  Schematic  of  Pulse  Area  Integration  System 
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After  the  nrohe 


sinnal  was  amplified  hv  the  bolus  box  preamplifier,  it 
was  AC  coupled  to  a Dvtronics  Kodel  '/PA  filter  and  hioh-nasred  at  1 Hz. 
A lower  frem’.encv  would  have  lieeri  nor'e  do  -.irable  but  1 Hz  orovid^d 
little  distortion.  A -0.!>  volt  bias  f ron  the  output  DC  level  ad iust- 
ment  in  the  filter  was  used  as  a threshhold  to  avoid  countino  back- 
oround  noise.  The  output  of  the  fi Iter  was  then  sent  to  a Wavetek  111 
VCG  with  a 1 k£l  resistance  to  around.  This  was  used  to  prevent  satura- 
tion of  the  '•'avetek  111.  A 10  volt  sinnal  into  the  filter  produced  a 
5.8  volt  signal  at  the  input  of  the  Wave tele  111.  The  Wavetek  111  was 
used  as  a voltaae  controlled  oscillator  which  produced  sianals  at  a 
rate  proportional  to  the  voltage  applied.  The  signals  were  counted  on 
a Tennelec  TC-562P  Timer /Scaler . 

Total  counts  produced  by  a pulse  were  a function  of  the  voltage 
(height)  and  time  (width)  and  so  nave  a number  that  was  proportional  to 
the  area  of  the  pulse.  Since  the  VCG  would  not  operate  with  a negative 


0 10  20  30 

Pulse  Area  (Volt* an) 

Fig.  13.  Relation  of  Inteorated  Pulse  Area  Count  to  Actual  Pulse  Area 
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voltaoe  input,  only  the  areas  of  the  positive  .lobes  were  counter! . 

The  s vs tern  was  calibrated  usinq  s’nole  pulses  from  cycle  A203. 

■A 

After  the  pulse  was  located,  the  ohotoanalvsi s system  described  in  the 
previous  section  was  used  to  photogranh  the  nulse.  At  the  same  time, 
the  pulse  area  intearation  svstem  nave  a count  proportional  to  the  area 
of  that  pulse.  The  results  are  shown  in  Fig.  13.  A mean  error  of  6.7>i 
between  the  pulse  area  and  the  count  was  found.  This  was  considered  to 
be  acceptable  since  a factor  of  ? above  background  was  expected. 

Limitations 

Some  data  was  lost  during  this  test.  The  first  reason  was  equip- 
ment malfunction.  There  was  only  one  tape  recorder  available.  The 
tape  drive  malfunctioned  and  the  tapes  it  produced  were  unusable. 

Ixoose  or  broken  cables  from  the  probes  to  the  bolus  box  also  caused 
data  loss.  The  cause  for  this  malfunction  was  most  likely  personnel 
in  the  test  stand  area  servicing  the  engine. 

A second  reason  for  data  loss  was  that  the  tapes  were  not  always 
changed  when  one  tape  was  filled.  During  weekdays,  tape  changeover 
went  fairlv  well.  On  weekends  and  at  night,  however,  the  system  broke 
down.  The  one  non-catastrophic  failure  occurred  during  the  period  from 
24  June  to  28  June.  Many  of  the  cvcles  run  during  this  time  were  not 
recorded  because  the  tape  was  not  changed.  The  bolus  counter  operated 
independently  of  the  tape  system,  however.  Thus,  although  not  all  of 
the  cycles  were  recorded,  the  count  history  provided  a relative  magni- 
tude of  distress  during  that  period. 


TIT.  K'-rrv'-ri nt  a1  i?e«s> 

The  purpose  O'  this  chapter  in  to  provide  a description  and  dis- 
cuss'on  of  the  experimental  resuitr..  There  were  four  maior  areas  of 
invosti. nation:  probe  current  traces  as  indications  of  engine  stress, 

vibrations,  individual  oulse  recoon it. ion,  and  pulse  area  inteoration. 
The  A cvcles  provided  most  of  the  data  discussed  in  this  section.  Some 
C cycles  were  used,  however,  to  show  a thrust-current,  level  relation. 
For  purposes  of  this  discussion,  the  A cycle  can  be  divided  into  five 
reoions:  Ben.inning  (B).  Severe  Transients  (ST),  Moderate  Transients 

(MT),  Hiqh  Power  Steady  State  (HPSS),  and  End  (E).  Refer  to  Appendix 
B for  diagrams  of  the  A and  C cycle  profiles. 

Tapes  recorded  between  24  June  and  28  June  indicated  that  the 
engine  had  underoone  an  unusual  distress.  The  counts  produced  by  the 
bolus  counting  svstem  at  Allison  Division  showed  that  the  number  of 
positive  counts  increased  by  a factor  of  2 while  that  of  the  neaative 
counts  increased  bv  a factor  of  100.  See  Appendix  D. 

Although  the  nature  of  the  distress  could  not  be  determined  bv  the 
electrostatic  probe  system,  there  was  little  doubt  that  somethinci  had 
happened  to  the  engine. 

Large  pulses  (350  msec  long,  8 volts  high)  were  first  noted  on 
accelerations  during  the  ST  period  of  cycle  A181.  They  were  seen  by 
the  2:30  probe.  They  were  not  seen  anain  until  cycle  A203,  about  19 
test  hours  later.  This  time  they  were  seen  bv  both  probes.  They  also 
appeared  on  cvcles  A204  and  A205  which  immediately  followed  A203.  In 
addition  to  appearinci  on  accelerations  durinn  ST,  the  pulses  wore  seen 
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LP2  Turbine  Damaae  (TF-41  S/N  908) 

(a)  Section  of  Turbine  Wheel  Assembly 

(b)  Detail  of  Si.nole  Turbine  Blade 
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on  nrco lerations  during  MT.  Whether  the  pulses  appeared  in  cvcles 
immediate!'/  after  this  is  not  positively  known  since  the  tone  van  not 
changed.  The  bolus  counter  fit.  Allison  Division,  which  ran  inde pendent  )v 
of  the  tape  recorder,  snowed  that  positive  and  negative  count  rates 
similar  to  those  found  on  cycles  with  the  larae  pulses  did,  in  fact, 
occur  on  cvcles  which  were  not  recorded  on  tare. 

The  first  teardown  after  this  series  of  cycles  did  not  reveal  any 
sicinifieant  wear.  The  low  pressure  (LP)  turbine  section  was  not  exam- 
ined, however.  The  enqine  was  rebuilt  and  put  through  another  series 
of  cvcles.  No  significant  pulse  rates  were  observed.  On  the  next 
teardown , the  LP  turbine  section  was  examined.  A large  gash  was  found 
in  the  turbine  blade  stems  around  the  entire  LP2  turbine  wh.ee  1 (Pig. 

14).  The  gash  was  0.3  in.  deep. 

The  cause  of  the  damage  was  an  aft  seal  which  had  slipped  forward 
and  rubbed  along  a 50°  arc,  from  the  2:00  to  the  3:30  o'clock  position, 
on  the  seal.  As  the  turbine  wheel  rotated,  this  50°  portion  of  the 
seal  rubbed  the  groove  into  the  turbine.  After  a sufficient  amount  of 
the  turbine  assembly  had  worn  away,  the  seal  no  longer  made  contact  and 
the  rubbing  stopped. 

Allison  engineers  could  not  determine  when  the  seal  had  started  or 
stopped  rubbing. 

Probe  Current  Traces  as  an  Indi cation  of  Stress 

The  HPSS  regions  of  A cycles  were  used  to  establish  a relationship 
between  the  probe  current  trace  and  T^.  The  trace  recorded  on  a strip 
chart  showed  that  the  magnitude  of  the  DC  level  above  a zero  reference 
varied  inversely  with  (Pig.  15).  The  temperature  was  not  rinidlv 
controlled  during  the  tests  so  only  an  approximate  relationship  could 
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Fig.  16.  DC  Iievel  as  a Function  of  Gross  Thrui 
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Fig.  17.  Thrust  vs  T for  TF-41  S/N  908 

tionship.  The  current  levels  at  each  thrust  setting  (Intermediate, 

95%,  and  90%)  were  averaqed  and  plotted  aqainst  the  observed  thrust  for 
that  portion  of  the  cycle  (Fig.  16). 

The  number  of  background  pulses  produced  by  the  enqine  varied  in- 
versely with  T^.  Qualitatively,  this  made  sense.  Thrust  is  inversely 
proportional  to  T^  (Fig.  17).  As  the  temperature  decreased,  the  enqine 
worked  harder  and  was  more  susceptible  to  microdistresses.  Durino  nor- 
mal engine  operation,  then,  boluses  were  produced  at  a rate  that  was  a 
function  of  thrust.  When  a severe  microdistress  occurred,  however,  the 
boluses  were  produced  at  a rate  considerably  above  the  hackoround  rate. 

Fig.  18  shows  the  number  of  boluses  detected  as  a function  of  cur- 
rent during  HPSS.  In  order  to  obtain  a current  level  more  representa- 
tive of  the  whole  exhaust,  the  levels  for  the  2:30  and  6:30  probes  were 
averaqed.  The  counts  obtained  by  each  probe  were  added  tboethor.  The 
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Fig.  18.  Pulse  Count  vs  Averaoe  HPSS  DC  Level  of 
2:30  and  6:30  Probes  in  TF-41  S/N  908 


tape  was  plaved  at  15  ips  so  some  boluses  were  presumably  lost  due  to 
the  RC  dead  time  of  the  bolus  counter  circuit.  The  number  of  counts 
for  cycles  A203  and  A204  were  approximately  twice  that  of  the  mean  for 
their  particular  DC  levels. 


Vibrations 

A frequency  scan  of  the  turbine  and  compressor  vibrations  at  HPSS 
indicated  that  a mechanical  change  in  the  engine  had  taken  place  during 
the  period  in  which  the  larae  pulses  occurred.  This  channe  was  indi- 
cated by  the  relative  amplitudes  of  the  peaks  in  the  frequency  spectrum. 

The  primary  peak  in  both  turbine  and  compressor  vibration  spectra 
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146  Hr.. 


durinc  HPSS  v:n s 
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Li 


Peaks  at  N - 213  Hr  and  2IJ  - 2°3  Fir. 

1 i \j 


v/ere  also  soot!. 

Compressor.  The  compressor  vibration  snoctnun  remained  essent'a!1'' 


unchanged  ^rom  the  earliest  cvcle  recorded  (A61)  throucli  A1°0,  a neriod 
of  98  hours.  The  amplitudes  of  N , 2N  , and  an  undefined  peak  at  241 
Hr,  fluctuated  durinq  the  period  from  A190  throuoh  A205,  a period  of  15 
hours.  This  was  the  period  in  which  numerous  large  pulses  were  seen. 

The  next  available  data  came  from  A246,  32  Incurs  later.  At  that  point, 
the  four  peaks  had  stabilized.  The  N peak  amplitude  had  a qeneral 
downward  trend  with  the  exception  of  cycles  A251  throuqh  A255.  After 
A255,  N decreased  to  about  one-half  its  value  prior  to  the  onset  of 
tine  large  saturation  pulses.  See  Fig.  19. 

Turbine.  The  turbine  vibration  spectrum  did  not  chance  until  A101. 
At  that  point  the  amplitude  of  N increased  bv  1/3.  On  the  following 

Li 

cycle,  however,  it  returned  to  its  orioinal  value.  N aoain  increased 

Li 

during  cycles  A203  and  A205.  N amplitude  remained  elevated  in  cvcles 

Li 

A246  and  A247  but  returned  to  its  original  value  in  A248.  The  2N  peak 

Li 

amplitude  dropped  by  a factor  of  three  during  A256  and  did  not  increase 
again.  See  Fig.  20.  Due  to  time  considerations  and  equipment  limita- 
tions, a complete  check  of  turbine  spectra  through  A283  v/as  not  made. 

Up  to  the  point  where  examination  of  turbine  spectra  stonped,  however, 
there  was  a downward  trend  in  amplitude. 

An  attempt  v/as  made  to  correlate  pulse  signals  with  blade  strikes 
or  tip  rubs  in  tlie  turbine  area.  It  v/as  theorized  that  a mechanical 
rub  might  produce  a change  in  the  amplitude  of  certain  frequencies  in 
the  turbine  vibrations.  No  chances  were  observed  in  frequencies  at  N 

Li 

or  N . The  raw  vibration  sionals  v/ere  put  throuoh  a filter  and  an  RMS 
H 
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voltmeter  before  beinq  recorded  on  the  strin  chart  recorder.  The  sig- 
nal.0. v.’oro  binri-pTsseci  at  * reouencies  ranging  un  to  GOO  Hz.  Mo  correla- 
tions v.’f're  observed . 

Photoana > ' t ~ s 

Pulses  ’-ere  photonraoiied  usinc  the  delav  box  system  described  in 
the  previous  chapter.  The  pulses  fell  into  three  basic  cateaories: 
bipolar  (having  both  positive  and  neoative  components),  positive  mono- 
po1 ar  (having  a positive  conoonent  only),  and  saturation.  The  pulses 
were  photographed  using  the  raw  signal  fron  the  tape  recorder  as  the 
input  to  the  delay  circuit.  Thus  the  amplitudes  shown  in  the  photo- 
graphs are  1/10  the  amplitude  of  the  actual  pulses.  Allison  personnel 
who  recorded  the  data  took  photographs  of  the  signal  as  it  came  from 
the  probe  and  after  it  was  recorded  and  verified  this  reduction  factor, 
as  well  as  the  recorder  reproduction  fidelity.  Thus,  the  reader  can 
determine  the  true  pulse  amplitude  bv  multiplying  the  displayed  verti- 
cal scale  by  10.  With  the  exception  of  the  saturation  pulse  photograph 
all  photographs  were  made  using  a playback  speed  of  1-7/8  ips  so  that 
the  horizontal  scale  is  correct.  A tape  speed  of  7-1/2  ips  was  used  to 
photograph  the  saturation  pulse.  Therefore,  the  displayed  horizontal 
scale  must  be  multiplied  by  4. 

Bipolar  pulses  (Fig.  21)  had  been  observed  during  previous  engine 
tests.  The  pulses  were  about  5 msec  wide  with  a maximum  amplitude  of 
8 volts  positive  and  3 volts  negative. 

The  positive  monopolar  pulses  (Fig.  22),  which  had  also  been  ob- 
served on  previous  tests,  varied  considerably  in  width  but  were  approx- 
imated 8 volts  high.  The  width  of  these  pulses  varied  from  3 to  10 
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Fig.  21.  Bipolar  Pulse 
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Fig.  23.  Saturation  Pulse 

msec.  Often,  the  narrower  pulses  occurred  in  groups. 

The  saturation  pulses  (Fin.  23)  occurred  on  cycles  A181,  A203 
through  A205,  and  occasional  cycles  through  A284.  They  were  produced 
during  accelerations , especially  during  the  ST  portion  of  the  cycle. 
They  were  320  to  380  msec  wide  and  8 volts  or  more  high. 

Pulse  Area  Integration  System 

The  pulse  area  integration  svstem  was  tested  using  A cycles  which 
had  been  checked  using  the  conventional  pulse  counting  svstem.  Under 
the  conventional  system  A204  stood  out  from  the  background  by  a factor 
of  2 while  under  the  new  system  it  stood  out  by  a factor  of  20  on  the 
2:30  probe  and  by  a factor  of  8 on  the  6:30  probe  (Fig.  24). 

During  the  cycles  in  which  the  saturation  pulses  occurred,  the 
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Fig.  24.  Pulse  Intearated  Area 
Count  vs  HPSS  DC  Tjevei 

2:30  probe  consistently  gave  a higher  count.  Since  the  count  was  pro- 
portional to  the  area  under  the  pulses,  the  2:30  probe  interacted  with 
more  and/or  laroer  boluses  than  did  the  6:30  probe  durina  this  time. 

Cycle  A181,  in  which  the  saturation  pulses  were  first  observed,  had 
an  unusually  high  count  on  the  2:30  probe.  It  stood  out  from  the  back- 
ground by  a factor  of  3.  The  6:30  probe  had  a count  within  backnround 
ranoe.  Thus  the  2:30  probe  indicated  unusual  activity  first. 
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TV*  Conr-i vr.i  ons  find  j;o~orrvi0nd''  i- i ons 


The  purpose  of  this  chapter  .is  to  summarize  the  conclusions  of 
this  study  and  to  give  recommendations  for  wavs  to  improve  enoi ne 
stress  monitor.! no  and  data  analysis. 

Cone lus ions 

With  minor  modifications,  the  svstems  discussed  in  this  naper  can 
be  used  efficiently  to  sort  out  those  tanes  which  deviate  from  a back- 
ground data  base.  This  can  enable  the  observer  to  test  more  than  one 
engine  at  a time  and  so  have  a greater  probability  of  seeing  an  enaine 
failure. 

An  inverse  relation  between  and  the  number  of  pulses  generated 
by  the  engine  has  been  observed.  This  tends  to  confirm  the  evidence 

that  bolus  formation  is  stress  related  and  increases  as  T„  decreases 

1 

(or  as  thrust  increases). 

A relation  has  also  been  observed  between  the  DC  level  of  the  cur- 
rent trace  and  gross  engine  thrust.  The  data  points  were  too  scattered 
to  determine  the  exact  shape  of  the  curve.  This  was  probably  due  to 
the  variation  of  T^  during  the  measurement  period  and  to  probe  desian. 
Also,  the  two  probes  measured  only  a small  portion  of  the  exhaust. 

A change  in  vibration  signature  in  the  turbine  and  compressor 
vibrations  was  seen.  At  the  time  that  this  change  took  place,  large 
pulses  were  detected  by  the  probes. 

A probability  that  the  systems  detected  and  recorded  the  LP2  rub 
can  be  estimated  usina  the  data  found  in  Appendix  C.  Since  there  is  a 
0.83  probability  that  high  counts  associate  with  a failure/distress, 
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there  is  a ( .17  chance  that  the  hioii  counts  detected  cirri  no  this  test 
wore  not  an  indication  oi  the  observed  failure.  The  probability  that 
the  2:. 10  orobe  randomly  counted  more  than  the  6:30  nrobe  is  calculated 
in  the  follow.inn  manner.  Tne  probabilitv  that  one  probe  was  in  front 
of  the  50°  distress  site  is  50°/360°  or  about  0.14.  The  probability 
that  at  least  one  orobe  was  in  front  of  the  distress  site  is  0.28. 
Therefore,  the  probabilitv  that  one  probe,  at  least,  was  not  in  front 
of  the  distress  site  is  0.72.  The  probability  that  one  probe  randomly 
had  a hiqher  count  is  0.5.  Thus,  the  probability  that  the  2:30  probe 
counted  more  boluses  than  the  6:30  probe  for  only  random  reasons  is 
0.72x0.5  or  0.36.  The  probabilitv  that  the  vibration  signature  of  the 
enaine  randomly  chanced  durinc  this  period  is,  conservative! v,  0.5. 

The  probability  that  all  of  these  thinos  occurred  randomlv  at  the  same 
time  is  the  product  of  the  individual  probabilities,  or  0.03.  Since 
the  probability  of  correlation  plus  the  probability  of  non-correlation 
(random  events)  is  unity,  the  probability  that  these  events  relate  to 
the  observed  distress  is  0.97. 

Recommendati ons 

Since  an  electrostatic  ring  has  been  shown  to  produce  valuable 
data,  it  should  be  installed  on  the  enoine  and  tested  with  the  svstems 
described  in  this  paper.  The  ring  would  provide  more  quantitative  data 
with  which  the  net  charge  produced  bv  a distress  could  be  calculated. 

The  probe  svstem  should  be  modified  so  that  a greater  area  of  the 
exhaust  is  sampled.  A probe  system  consistinn  of  a looselv-woven  wire 
mesh  in  the  exhaust  stream  is  one  possibility.  With  the  present  system 
results  can  varv  due  to  the  distance  of  the  bolus  from  the  probe  as  it 
passes  the  plane  of  the  probe. 
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The  DC  level  of  the  current  t.*~ace  should  be  studied  af  rioidlv 
controlled  i.niet  temperatures  and  thr”si  sett  inns.  The  orobe  s'stom 
could,  w.i  Mi  Modification  In  design,  have  an  application  as  a cross 
thru s t :i nd i. ca tor. 

Recorded  H.  and  N, . should  nave  a 1:1  ratio  with  actual  Nr  and  N. 

L h L H 

This  would  simplify  vibration  level  trackino.  In  addition,  a two-  or 
t’nree-axis  hi  oner  frequency  vibrometer  would  furnish  additional  data 
for  correlation  of  pulses  with  blade  strikes  or  tip  rubs. 

The  pulse  area  intenration  svstem  should  be  developed  further. 

This  system  provides  a number  proportional  to  the  area  under  the  pulses 
it  measures.  It  could  be  set  ut>  as  a real-time  enaine  stress  indicator. 
The  system  should  be  built  such  that  it  automatically  starts  integrating 
at  the  beginning  of  the  cycle.  At  the  end  of  the  cycle,  it  should  print 
out  the  count  and  zero  itself.  The  printout  could  be  examined  to  deter- 
mine cycles  with  unusually  high  counts.  These  cycles  could  then  be 
studied  in  greater  detail.  Whether  the  cvcle  contained  more  pulses  or 
larger  pulses  would  not  be  known  from  the  total  count.  This  problem 
could  be  solved  by  a more  advanced  system  with  circuits  to  store  data 
on  pulses  with  specific  heights  and/or  widths  in  memory  and  print  the 
results  at  the  completion  of  the  cycle. 
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Theory  or  uolr_s  r'orra*-  i on 

Since  it  is  a documented  experimental  fact  that  pockets  of  charcie 
(boluses)  do  exist  in  the  exhaust  of  let  ennincs  (Ref  8).  the  theory  ^s 
restricted  to  how  the  boluses  are  made  bv  distresses. 

The  bolus  is  thought  to  have  two  possible  sources.  The  first  is  a 
mechanical  rub  between  two  components  in  either  the  compressor  or  tur- 
bine section  of  the  engine.  The  second  possible  source  is  an  overheat 
condition  which  causes  microscopic  pieces  of  metal  to  separate  from  the 
components  in  the  combustor  section. 

Mechanical  iftabs 

Initially  a rub  bolus  is  composed  of  metal  particles  in  a plasma. 
The  particles  pick  up  a negative  charge  due  to  the  high  random  current 
of  electrons  but  the  bolus  has  no  net  charge.  As  the  bolus  moves 
through  the  gas-path,  however,  the  metal  particles  collide  with  obstruc- 
tions such  as  ouide  vanes  and  turbine  blades.  The  larner  particles 
either  embed  themselves  in,  or  transfer  their  charge  to,  these  obstruc- 
tions. The  remaining  bolus  of  ions  and/or  small  chareed  particles, 
lacking  the  inertia  of  the  more  massive  particles,  passes  throuoh  the 
gas-path  without  collidine  with  the  various  engine  components.  The 
bolus  now  has  a net  positive  charge.  When  the  bolus  enters  the  tail- 
pipe and  passes  an  electrostatic  probe,  there  is  an  interaction  which 
registers  as  a positive  pulse  on  the  probe  current  trace. 
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CouNisfor  Burns 

Hums  a 1 .no  nrcvi'ir©  a bolus  ror' nosed  of  metal  particles  and  miasma. 
The  tonnpran:>-p  of  the  burn,  however,  affects  the  no  lari  tv  of  the  pulse 
produced  (Kef  7:43-44). 

If  the  temperature  is  approximately  at  the  me! tinci  point  of  the 
materiai.  the  bolus  will  act  like  a rub  bolus:  that  is.  a positive 
pulse  will  result. 

If  the  temperature  is  high  enough  for  the  metal  particles  to 
thermionicallv  emit  electrons,  the  metal  particles  will  have  a net 
positive  charae  when  t'nev  are  deposited  on  the  end ne  obstructions. 

This  will  leave  a net  negative  charge  in  the  bolus.  The  bolus  will 
then  produce  a negative  pulse  on  the  probe  current  trace. 
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Append i ” B 

Profiles  of  and  C C'vcles 


A C vc 1c 

The  A cvcle  consisted  of  a series  of  accelerations  and  decelera- 
tions with  periods  of  high  power  stead''  RPM  operation.  It  lasted 
approximately  43  minutes. 

Fin.  B-l  was  made  by  recording  on  the  strip  chart  recorder. 

The  tape  was  played  at  15  ins.  Chart  speed  was  1 mm/sec.  Time  increas- 
es from  right  to  left.  The  approximate  RPM  settings  are  indicated  on 
the  right  of  the  figure.  Increasing  time  in  minutes  is  indi.cated  at  the 
bottom.  The  five  regions  called  Beginning  (B),  Severe  Transient  (ST), 
Moderate  Transient  (MT),  High  Power  Steady  State  (HPSS),  and  End  (E) 
are  arbitrary  designations.  Thev  are  used  only  to  narrow  the  reoion  of 
■ discussion. 

C Cycle 

The  C cycle  consisted  of  a series  of  accelerations  to  a high  power 
steady  RPM  plateau  and  subsequent  decelerations.  Three  RPM  settinas 
were  used:  Intermediate  (Full  Thrust),  95%,  and  90%.  The  cycle  con- 

sisted of  six  accelerations  to  Intermediate,  five  acceleration  to  95%, 
four  accelerations  to  P0%,  and  finally  five  more  accelerations  to  Inter- 
mediate. The  Intermediate  power  settings  were  held  for  3.25  minutes. 

All  other  power  settings  were  held  for  3 minutes.  The  time  between  one 
deceleration  and  the  next  acceleration  v/as  3 minutes. 

Fig.  B-2  was  drawn  to  show  the  cycle  profile.  Time  anain  reads 
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from  rinhfc  to  loft.  Trio  a nr>r o:< in  a to  Rpi-i  s^ttinor,  aro.  shown  on  tho 


-j.nht. 
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Appendix  C 

TF-Al  Failure  Hi story 

The  ficnires  which  follow  are  taken  from  Ref  6 and  unpublished  notes 
of  a briefing  presented  by  Major  Couch.  They  are  based  upon  approxi- 
mately 2300  hours  of  testing  prior  to  the  event  discussed  in  this  study. 

It  can  be  seen  (Fig.  C-l)  that  hinh  counts  have  a definite  correla- 
tion with  failures  and  distresses.  Of  seven  observed  failures  (or  dis- 
tresses) five  were  predicted.  Of  six  tests  with  high  counts,  five 
correlated  with  failure. 

Fig.  C-2  through  C-6  give  the  count  histories  for  the  engines  which 
enter  into  the  failure  matrix. 


High 

Count 

Low 

Count 


Fig.  C-l.  Failure  Correlation  Matrix 


Failure/Distress  No  Distress 


5 

1 

2 

Most  data 
uneventful 

Negative  particle  count  per  minute 


Electrostatic  Probe  Test 

Negative  particle  count  vs  time 

TF41-A-2  engine 

S/N  141050,  BU  1G 

1000 -hr  SEE  lest 

Blue  box  S/N  1 (trigger  level  = 5 

TF41-A-2  probe  S/N  1 

Note:  Teardown  inspection  of 
engine  revealed  damaged 
combustor  crossover 
tubes  and  HP  rotor  (turbine 
first  stage)  blade  tip 

• Particle  count  data 


1200  (Time)  2400  1200  2400  1200 

12-15-72  (Date)  12-16-72  12-17-72 

0 4 8 12  16  20  24  28  32  36  40  44  48 

Test  hours 


Fici.  C-?.  TF-41  S/N  141050  (B.U.  lb)  Particle  Count  vs  Time  (Ref  6:00) 
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Military  time— April  5,  1973 

FIGURE  C-3.  TF41-A-2  Engine  No.  141050  (B.U.  l8)  Particle  Count  Vs.  Time  (R^f  6;6c;) 


TF41  engine,  S/N  908,  BU  25,  26,  & 27 
Blue  box  S/N  2 (trigger  level  = 50  mv) 

TF41  probe  S/N  2 (7  o’clock  position  on  tailpipe  extension) 


S/N  141050  (B.U.  52)  Particle  Count  vs  Time 


Particle  count  per  minute 


Electrostatic  Probe  Test 
Particle  count  vs  time 
TF41-A-2  engine 
S/N  141050,  DU  17 
1000-hr  SFE  test 

Blue  box  S/N  4 (trigger  level  = 500  mv) 
TF41-A-2  probe  S/N  1 


Note:  Teardown  inspection  of  engine 
revealed  excessive  wear  on  LP 
v vmpressor  front  bearing  seal. 
Engine  was  losing  oil  at  a rate 
of  500  cc/hr  during  most  of 
BU  17,  which  completed  167.5  hr 
endurance  time. 


Positive  particle  count 
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Time  and  date 

Fici.  C-6.  TF-41  S/N  1410150  (B.U.  17)  Particle  Count  vs  Tine  (Ref  6:6?) 
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Positive  particle  count  rate  per  minute 


Blechrostati  r I^oho  Tost 
Abnorn-i  1 onrticle  count  rare 
vs  date 

TP-41  S/N  141050  B,U.  18 
1000-hr  SFE  tost 
Blue  box  S/Ii  1 ( tri noor 
level  = 50  nv) 

TP-41  nrohe  S/N  1 


, 23  min 


(T)23  mil 


23  min 


©21 


(5)23  mil 


6 min 


5 min 


6 min 


(9) 23  min 
,4— (S)  21  min 


21  min 


14  15  16  17  18  19  20  21 

Date  (February  1973) 

C- 7.  TP-41  S/N  141050  (B.U.  18)  Peak  Particle  Count  vs  Tine 

(First  308  Mrs.  of  B.U.  18)  (Ref  6:64) 
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Appendix  I) 

i joins  Count  Hlstor''  for 
TF-41  S/N  £08 

The  following  table  lists  the  number  of  boluses  detected  bv  the 
2:30  and  6:30  probes  during  the  period  in  which  the  non-catastrop'n:i c 
failure  of  the  LP2  turbine  occurred.  The  counts  were  obtained  bv  using 
the  counting  system  at  Allison  Division.  Since  this  system  operated  in- 
dependently of  the  tape  recorder,  bolus  counts  were  also  taken  for  those 
cvclcs  which  were  not  recorded.  Those  cycles  which  were  taped  are 
marked  with  an  asterisk.  The  cycles  are  in  chronological  order. 

Although  there  were  B and  C cycles  interspersed  with  the  A cycles, 
they  have  been  deleted  from  the  table  since  they  were  little  interest. 

The  large  number  of  negative  counts  on  certain  cycles  such  as  A204 
or  A223  do  not  indicate  negative  boluses.  Rather  they  indicate  extreme- 
ly long  saturation  pulses  which  disrupted  the  electronics  of  the  count- 
ing system. 
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T ible  I 


IV- 41  S/W  908  Bolus  Counts 


Date  A Cvcle 

2:30+ 

2:30- 

6:30+ 

6:30- 

24  Jun  167* 

296 

4 

162 

1 

168* 

369 

4 

218 

3 

169* 

265 

2 

183 

2 

181* 

312 

21 

209 

3 

182* 

215 

3 

155 

0 

183* 

190 

2 

110 

0 

184 

104 

0 

93 

0 

106 

176 

1 

132 

1 

190* 

221 

2 

123 

4 

191 

251 

4 

113 

0 

192 

312 

6 

126 

0 

193 

262 

3 

131 

2 

194 

240 

0 

125 

1 

195* 

225 

0 

127 

1 

196* 

227 

0 

114 

1 

197* 

217 

1 

95 

0 

198* 

238 

1 

124 

1 

25  Jun  199* 

100 

0 

60 

0 

200 

115 

1 

59 

0 

179 

117 

1 

60 

0 

186 

187 

438 

121 

302 

108 

188 

5 74 

109 

380 

123 

189 

699 

179 

390 

124 

201 

405 

5 

234 

4 

202 

413 

52 

222 

9 

203* 

662 

158 

340 

124 

204* 

269 

471 

406 

127 

20 5* 

247 

9 

180 

17 

206 

297 

1 

189 

4 

207 

336 

1 

182 

4 

208 

412 

7 

283 

7 

209 

479 

88 

351 

112 

26  Jun  221 

330 

6 

248 

9 

222 

480 

59 

480 

134 

223 

1226 

542 

645 

219 

224 

530 

151 

517 

149 

225 

527 

114 

452 

128 

227 

504 

96 

384 

83 

228 

316 

17 

362 

28 

220 

326 

2 

262 

3 

210 

236 

2 

139 

2 

211 

195 

3 

128 

0 
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Date 


26  Jun 


28  Jun 


29  Jun 


A Cvrlo 

2:304 

2:30- 

6:304 

6:30. 

212 

226 

1 

‘ 153 

2 

213 

172 

1 

153 

0 

214 

160 

3 

116 

0 

215 

136 

1 

127 

1 

216 

161 

2 

117 

1 

217 

160 

0 

124 

1 

218 

196 

1 

133 

2 

21° 

60 

0 

86 

0 

220 

134 

0 

72 

0 

180 

373 

9 

193 

3 

230 

266 

1 

111 

3 

231 

239 

1 

160 

4 

232 

201 

4 

112 

3 

233 

263 

1 

136 

1 

241 

358 

40 

265 

12 

242 

403 

13 

251 

2 

2/13 

405 

57 

287 

15 

244 

840 

288 

295 

83 

245 

356 

46 

340 

81 

246* 

247* 

248* 

292 

3 

201 

1 

249* 

294 

15 

206 

8 

250* 

246 

2 

153 

0 

251* 

194 

2 

161 

0 

252 

155 

2 

253 

/ 

160 

11 

254* 

183 

2 

255* 

173 

2 

256* 

131 

0 

257* 

112 

1 

258* 

106 

2 

O'l.A* 

2 :30  Probe 

c JH 

235* 

disconnected 

261* 

329 

25 

262* 

1 

334 

106 

263* 

623 

228 

264* 

279 

20 

265* 

284 

6 

266* 

292 

3 

267 

247 

6 

268 

278 

4 

269* 

239 

1 

270* 

104 

1 

271* 

119 

1 

272* 

130 

1 

273* 

131 

1 

274* 

112 

0 

235 

236 

‘ 

237 

\ 

t 
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SB 


1 


[ 


Dato 


29  J\T. 


30  Jun 


1 Jul 


A Cvclo 

2 :30+ 

2:30- 

6:30+ 

6:30- 

238 

2:30  !'ro!v^> 

•< 

239* 

di sconnpctod 

240* 

259* 

260* 

281* 

260 

10 

282* 

282 

26 

283* 

335 

31 

284* 

345 

31 

285* 

417 

95 

286* 

233 

6 

287 

V 

310 

6 

277 

6 

0 

102 

1 

278 

13 

0 

245 

3 

289 

289 

0 

362 

37 

279 

5 

1 

72 

0 

280 

4 

0 

72 

1 

301 

302 

41 

0 

277 

6 

303 

21 

2 

311 

3 

304 

17 

0 

177 

1 

305 

6 

1 

220 

1 
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systems  develoned  v:er°  tested  usinn  tane  recorded  data  from  a TF-41 
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Y\?0  continued 
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D.ivmon  in  Ind i nnanol  i r> . Indiana.  Durino  the  tent,  the  f,p?  turbine 
evnori enced  a non-entastroohi r failure  due  to  n non1  rub.  Vanes 
recorded  dur.ino  the  test  .indicate  that  the  fa  ' lure  o^n^rffl  over  an  80 
hour  neriod  in  which  la  roe  (350  msec  lone.  8 volts  Ivon)  nulr.es  vo>-e 
observed  on  accelerations.  The  vibration  sinnature  of  the  encir.e  also 
chanoed  durine  this  neriod.  A system  which  inteorated  the  areas  under 
the  pulses  shoved  a factor  of  30  increase  du.rinn  the  period  of  h : e.hos'*' 
recorded  distress. 
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